Collapsin response mediator proteins (CRMPs) specify axon/dendrite fate and axonal growth of neurons through protein-protein interactions. Their functions in presynaptic biology remain unknown. Here, we identify the presynaptic N-type Ca 2؉ channel (CaV2.2) as a CRMP-2-interacting protein. CRMP-2 binds directly to CaV2.2 in two regions: the channel domain I-II intracellular loop and the distal C terminus. Both proteins co-localize within presynaptic sites in hippocampal neurons. Overexpression in hippocampal neurons of a CRMP-2 protein fused to enhanced green fluorescent protein caused a significant increase in Ca 2؉ channel current density, whereas lentivirus-mediated CRMP-2 knockdown abolished this effect. Interestingly, the increase in Ca 2؉ current density was not due to a change in channel gating. Rather, cell surface biotinylation studies showed an increased number of CaV2.2 at the cell surface in CRMP-2-overexpressing neurons. These neurons also exhibited a significant increase in vesicular release in response to a depolarizing stimulus. Depolarization of CRMP-2-enhanced green fluorescent protein-overexpressing neurons elicited a significant increase in release of glutamate compared with control neurons. Toxin block of Ca 2؉ entry via CaV2.2 abolished this stimulated release. Thus, the CRMP-2-Ca 2؉ channel interaction represents a novel mechanism for modulation of Ca 2؉ influx into nerve terminals and, hence, of synaptic strength.
Collapsin response mediator proteins (CRMPs) specify axon/dendrite fate and axonal growth of neurons through protein-protein interactions. Their functions in presynaptic biology remain unknown. Here, we identify the presynaptic N-type Ca 2؉ channel (CaV2.2) as a CRMP-2-interacting protein. CRMP-2 binds directly to CaV2.2 in two regions: the channel domain I-II intracellular loop and the distal C terminus. Both proteins co-localize within presynaptic sites in hippocampal neurons. Overexpression in hippocampal neurons of a CRMP-2 protein fused to enhanced green fluorescent protein caused a significant increase in Ca 2؉ channel current density, whereas lentivirus-mediated CRMP-2 knockdown abolished this effect. Interestingly, the increase in Ca 2؉ current density was not due to a change in channel gating. Rather, cell surface biotinylation studies showed an increased number of CaV2.2 at the cell surface in CRMP-2-overexpressing neurons. These neurons also exhibited a significant increase in vesicular release in response to a depolarizing stimulus. Depolarization of CRMP-2-enhanced green fluorescent protein-overexpressing neurons elicited a significant increase in release of glutamate compared with control neurons. Toxin block of Ca 2؉ entry via CaV2.2 abolished this stimulated release. Thus, the CRMP-2-Ca 2؉ channel interaction represents a novel mechanism for modulation of Ca 2؉ influx into nerve terminals and, hence, of synaptic strength.
The N-type presynaptic Ca 2ϩ channel (CaV2.2) 2 is the predominant source of Ca 2ϩ influx required for neurotransmitter release at immature CNS synapses (1) . Enriched at functional release sites, CaV2.2 forms part of a large macromolecular complex, which facilitates efficient neurotransmitter release. Identification and analyses of protein-protein interactions within the nerve terminal have demonstrated a functional coupling between presynaptic Ca 2ϩ channels and the transmitter release machinery (1) (2) (3) (4) . Because transmitter release is proportional to the third or fourth power of Ca 2ϩ entry (5-7), even small changes in intracellular Ca 2ϩ can elicit large changes in synaptic transmission. Since expression of N-type-mediated Ca 2ϩ influx coincides with synapse formation, we sought to identify proteins that might modulate Ca 2ϩ channel behavior and transmitter release during synaptogenesis. A proteomic screen of growth cone-associated proteins (see supplemental Fig. S1 ) and proteins interacting with the ␣1B subunit of CaV2.2 (8) identified collapsin response mediator protein-2 (CRMP-2) as a candidate CaV2.2-interacting protein.
CRMPs are intracellular phosphoproteins implicated in neuronal growth cone advance and migration (9 -13) . In neurons, CRMPs are expressed in the lamellipodia and filopodia of growth cones, in the shafts of axons, and in cell bodies. They contribute to axon formation by binding to tubulin heterodimers and promoting assembly of microtubules (14) . CRMP phosphorylation causes dissociation from microtubules, leading to axonal outgrowth arrest (10, 15, 16) . Overexpression of CRMP-2 in cultured hippocampal neurons induces extra axons (12) , whereas CRMP-3/4/5 have been shown to be necessary for neurite extension (10) , branching (17) , and growth cone formation (18) . The breadth of interactions of CRMP proteins with motor proteins, kinases, enzymes, and endocytosis-exocytosis-related proteins suggests that CRMPs may serve as adaptors/scaffold molecules (10) . Although neurotransmission was not affected in CRMP-1 knock-out mice (19) , long term potentiation, spatial learning, and memory were affected in both CRMP-1 and CRMP-3 knock-out mice (19, 20) , suggesting a role for CRMPs in neurotransmission as well as synaptogenesis. As potential binding partners, CRMPs could affect neurotransmission by a physical interaction with either the synaptic machinery or CaV2.2 itself.
We tested this hypothesis by examining the molecular and mechanistic basis of CRMP-2 interaction with CaV2.2. We identify a direct binding between the proteins and show that CRMP-2 mediates an increase in Ca 2ϩ current density, which, together with the effects of CRMP-2 on synapse size and synaptic vesicle loading, results in increased transmitter release. Thus, the CRMP-2-CaV2.2 interaction represents a novel mechanism for modulation of Ca 2ϩ influx into nerve terminals and hence of synaptic strength.
EXPERIMENTAL PROCEDURES
Synaptosome Isolation-Synaptosomes were prepared as described (21, 22) with modifications. Briefly, brains from neonatal postnatal day 1 (PN1) Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were dissected into 10 volumes of ice-cold homogenization buffer A (0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM EDTA, supplemented with protease inhibitors) and homogenized using 10 -15 strokes of a glass Teflon hand-held homogenizer. The homogenate (H) was spun for 10 min at 1400 ϫ g at 4°C, and the supernatant was saved. The pellet (P1) from this spin was rehomogenized in buffer A and spun as before. Both low speed spin supernatants were combined and spun for 10 min at 13,800 ϫ g at 4°C. The pellet from this spin (P2) was homogenized in buffer B (0.32 M sucrose, 0.5 mM HEPES/KOH, pH 7.4, and protease inhibitors), layered onto a sequential gradient of 1 and 1.4 M sucrose, and centrifuged at 82,500 ϫ g (4°C) for 90 min in a swinging bucket rotor with slow acceleration and deceleration. The gradient interphase contained intact synaptosomes (P2Ј), which were used for depolarization experiments within 2 h of isolation or lysed in modified RIPA buffer (50 mM Tris-HCl, pH 8, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, and 1 mM EDTA, supplemented with freshly added protease inhibitors: 1 g/ml leupeptin, 2 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride (Sigma) together with a protease inhibitor mixture (Roche Applied Science)) and filtered through a 0.22-m syringe filter before their protein concentration was determined using a BCA assay (Thermo Fisher Scientific, Shelbyville, IN). Fractions stored at Ϫ80°C until use.
Co-immunoprecipitation and Western Blotting-Co-immunoprecipitation and Western blotting were performed as described previously (8, (23) (24) (25) . Rat brain synaptosomes were precleared by a 1-h incubation with 20 l of a 50% slurry of protein A/G beads (Pierce). The cleared lysate was then incubated overnight with various primary antibodies (see supplemental Table 2 ) or rabbit or mouse isotype-specific IgGs (Sigma) as controls. The antibody-captured complexes were recovered with fresh protein A-agarose (for rabbit polyclonal antibodies) or protein A/G-agarose (for mouse monoclonal antibodies) beads (20 l of original bead slurry/sample) by incubation with lysate/antibody mixture at 4°C for 2 h. The beads were then washed three times with lysis buffer. Prior to electrophoresis on SDS-polyacrylamide gels, protein samples were boiled in Laemmli sample buffer for 5 min. Proteins were fractionated on 5, 7.5, 10, or 4 -15% separating gels with 4% stacking gels. Apparent molecular weights were determined using broad range standards (Fermentas). Following electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Invitrogen) for immunoblotting and stained with Amido Black (Bio-Rad) to monitor transfer efficiency. The membranes were blocked for 1 h in 5% skim milk powder in TBST (25 mM Tris-Cl, pH 8.0, 125 mM NaCl, 0.1-2% polyoxyethylene sorbitan monolaurate (Tween 20)) at room temperature. Primary antibody incubations were for 2 h at room temperature or overnight at 4°C. Following incubations with primary antibody and secondary antibody (goat anti-rabbit or anti-mouse IgG horseradish peroxidase (1:10,000; Stressgen, Ann Arbor, MI)), blots were washed extensively in TBST and probed with enhanced chemiluminescence Western blotting substrate (Thermo Scientific) before exposure to photographic film. Blots were exposed for a range of durations to ensure the generation of a print in which the film is not saturated. Films were then scanned, digitized, and quantified using Un-Scan-It gel version 6.1 scanning software (Silk Scientific Inc., Orem, UT), limiting our analysis to the linear range.
Sucrose Density Gradient Centrifugation-To assess the subcellular distribution of CRMP-2 and CaV2.2 proteins, sucrose density gradients were prepared from PN1 rat brains as described (26) . Rat brains (ϳ2 mg) were solubilized in 2 ml of 1% Triton X-100 (Sigma) in MBS (25 mM MES, pH 6.5, 150 mM NaCl). Following homogenization using 10 -15 strokes of a glass Teflon hand-held homogenizer, the synaptosomes were adjusted to 45% with sucrose and overlaid with 4 ml of 30% sucrose in MBS and 4 ml of 5% sucrose in MBS. The sucrose gradient was formed by centrifuging at 200,000 ϫ g for 18 h at 4°C using a Beckman SW41 rotor (Beckman Coulter, Mississauga, Canada). Twelve 1-ml aliquots were removed, beginning at the top. The high density membrane fractions (fractions 9 -12) at the bottom of the gradient contain proteins like the Na ϩ /K ϩ ATPase and voltage-gated ion channels (26) , and fractions 5 and 6 are rich in cholesterol and sphingolipids, confirming the ability of this centrifugation method in separating membrane and cellular components.
Cloning CRMPs and CaV2.2 Channel Fragments into pGEXGlu Vectors-Regions of CRMP-2 were cloned into pGEX3X-GST, whereas the intracellular loops of the N-type Ca 2ϩ channel were cloned into the dually tagged pGEX3X-GST-Glu vector for expression of recombinant proteins. Accession numbers for the clones used for this study are NM_147141 for CaV2.2 and NM_009955.2 for CRMP-2. Further details of the molecular cloning are provided in the supplemental material.
Recombinant Protein Production-Recombinant protein production was as previously described (27) . DNA encoding sequence-verified pGex-Glu-CaV2.2-type channel constructs were transformed into BL21 (DE3) Escherichia coli for protein expression. CRMP-2-GST fusion constructs were generously provided by Dr. Akihiro Kurimasa (Tottori, Japan) (28) , and a Munc18-1-GST fusion vector was provided by Dr. Debbie Thurmond (Indiana University School of Medicine). Expression of fusion proteins was induced with 1 mM isopropyl-␤-Dthiogalactopyranoside. For purification, following overnight growth at 16°C, transformed bacteria were pelleted and lysed in buffer containing 20 mM Tris, pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, and protease inhibitors using an M-110L microfluidizer (Microfluidics Corp., Newton, MA). The microfluidized lysate was adjusted with Triton X-100 (1% final), and the cells were incubated on ice for 30 min followed by centrifugation at 30,000 ϫ g for 45 min at 4°C. The high speed supernatant was then incubated with either glutathione-Sepharose beads or protein G-agarose beads conjugated with mouse monoclonal Glu primary antibody (a gift from Dr. Clark Wells, Indiana University School of Medicine). Immunoblot of a representative purification is shown in Fig. 4B .
CRMP-2 Purification-CRMP-2 purification was performed as described previously with slight modifications (29) . Briefly, adult rat brains (ϳ10 g) were homogenized in 3 volumes of DEAE buffer (25 mM sodium phosphate (pH 7.8) containing 10 mM 2-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride) with a Teflon/glass homogenizer. The homogenate was centrifuged at 200,000 ϫ g for 40 min at 4°C, and the supernatant was applied to a 1-ml DEAE-Sephacel column (Sigma) equilibrated with DEAE buffer. The column was washed thoroughly with DEAE buffer, and bound proteins were eluted with 100, 200, and 300 mM NaCl step gradients in DEAE buffer. Two-ml fractions were collected at each salt concentration. Peak CRMP-containing fractions (as monitored by Western blot with a polyclonal CRMP-2 antibody) in the 200 mM NaCl elution was diluted 10-fold with S buffer (25 mM sodium phosphate (pH 6.0) containing 10 mM 2-mercaptoethanol) and applied to a 2-ml S-Sepharose (GE Healthcare) column equilibrated with S buffer. After washing, proteins were eluted in 150 mM NaCl in S buffer. One 3-ml fraction was collected, diluted 5-fold with HA buffer (10 mM potassium phosphate (pH 7.0) containing 10 mM 2-mercaptoethanol). The diluted sample was applied to a 1-ml hydroxyapatite column (Bio-gel HTP; BioRad) and eluted with 100 mM potassium phosphate (pH 7.0) containing 10 mM 2-mercaptoethanol. Six fractions of 0.5 ml each were collected. At this step, Coomassie Blue staining and Western blot analysis was performed to verify CRMP purification at the predicted molecular mass of 65 kDa. Coomassie and immunoblot analysis of a representative purification is shown in supplemental Fig. S8 .
In Vitro Protein-binding Assay-For binding studies, the cytoplasmic loops of CaV2.2 and full-length (as well as deletional) CRMP-2 proteins were purified as GST or GST-Glutagged proteins, respectively. Binding reactions were performed in binding buffer (20 mM HEPES, 150 mM NaCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 0.5% (v/v) Triton X-100, pH 7.4). Monoclonal Glu antibody-saturated Protein G beads (GE Healthcare) carrying various CaV2.2 cytoplasmic loop constructs or GST-Glu were incubated with rat brain purified CRMP-2 protein in a total reaction volume of 100 l. Reactions were incubated end-over-end for 4 h at 4°C and washed three times with a 400-fold excess of binding buffer, and the proteins were eluted in 60 l of SDS gel buffer and boiled for 5 min, after which 20 l of each assay was run on SDS-PAGE and analyzed by immunoblotting with CRMP-2. To determine binding affinity (K d ), the experiments were performed using a fixed amount of rat brain purified CRMP-2 protein and increasing amounts of CaV2.2-GST-Glu fusion proteins.
Isolation and Culture of Hippocampal Neurons-Rat hippocampal neuron cultures were prepared from hippocampi dissected from PN1 rats as described (30) . Briefly, rat hippocampi were dissected out of PN1 rats, and cells were dissociated enzymatically and mechanically (trituration through Pasteur pipette) in a Papain solution (12 units/ml; Worthington) containing Leibovitz's L-15 medium (Invitrogen), 0.42 mg/ml cysteine (Sigma), 250 units/ml DNase I (type IV; Sigma), 25 mM NaHCO 3 , penicillin (50 units/ml)/streptomycin (50 g/ml), 1 mM sodium pyruvate, and 1 mg/ml glucose (Invitrogen). After dissociation, the cells were gently washed by sequential centrifugation in Neurobasal medium containing either 2 or 20 mg/ml bovine serum albumin and penicillin/streptomycin, glucose, pyruvate, and DNase I (as above) and then plated on poly-Dlysine-coated Aclar coverslips at high density (ϳ2000 cells/ mm 2 ). Growth media (1 ml/well) consisted of Neurobasal medium containing 2% NuSerum, 2% B27, supplemented with penicillin/streptomycin (100 units/ml; 50 g/ml), 0.1 mM L-glutamine, and 0.4 mM L-Glutamax (Invitrogen). Cytosine ␤-D-arabinofuranoside (5 M; Sigma) was added 24 h after plating to reduce the number of non-neuronal cells. After 4 days in culture and two times each week thereafter, half of the growth medium was replaced with medium without cytosine ␤-D-arabinofuranoside.
Immunocytochemistry, Confocal Microscopy, and Iterative Deconvolution Deblurring-24 -48 h after transfection, hippocampal cultures were fixed with 4% paraformaldehyde (diluted in 0.1 mM PBS) for 10 min at room temperature, permeabilized with 0.2% Triton X-100 for 10 min, and then washed three times with 0.01 mM PBS. The neurons were then preincubated with 10% bovine serum albumin (diluted in 0.1 mM PBS) for 1 h at room temperature to block nonspecific binding with the primary antibody. Primary antibodies for monoclonal CRMP-2 (Chemicon International, Billerica, MA) or ␤-III tubulin (Abcam Inc., Cambridge, MA) and rabbit polyclonal N-type/CaV2.2 (Calbiochem) or synaptophysin (Abcam Inc.) were diluted (in 0.1 mM PBS) to 1:100 and applied to the cells. After incubation at 4°C overnight, the neurons were washed again with PBS, and secondary antibodies (goat antimouse Alexa 488 or anti-rabbit Alexa 594, 1:1000; Molecular Probes, Inc., Eugene, OR) were incubated in blocking solution for 45 min at room temperature. Coverslips were mounted in Prolong Gold Antifade mounting media (Molecular Probes, Inc.). The hippocampal neurons were imaged on a Nikon Ti swept-field confocal microscope using a ϫ60, 1.4 numerical aperture lens and standard fluorescein isothiocyanate/Texas Red fluorescence cubes with a cooled Cascade 512B digital camera (Photometrics, Tucson, AZ). Z stack image pairs were captured at an interplane distance of 200 nm through the sample. Images were deblurred off-line by an iterative deconvolution protocol (Nikon Elements version 3.0) using a theoretical point spread function and pseudocolored for presentation.
Intensity 
Distributions that skew to the right reflect dependent staining patterns (where the two pixel staining intensity values vary in synchrony); distributions that are symmetrical about the 0 axis indicate random staining, whereas those that skew to the left reflect independent staining patterns, where the pixel staining intensity values vary inversely. Analysis for each stain was performed separately so that a dependence of stain A on B but a lack of dependence of B on A can be identified, and, further, these plots permit detection of complex or mixed staining relations. The ICQ reflects the ratio of the number of positive (Ai Ϫ a)(Bi Ϫ b) values to the total number of pixels in the region of interest, corrected to a Ϫ0.5 (independent staining) to ϩ0.5 (dependent staining) range by subtracting 0.5. The ICQ provides a single value parameter that is used for statistical comparisons. Typically, with n Ͼ 6 regions of interest, a mean ICQ value of Ϫ0.05 to ϩ0.05 indicates random staining, ϩ0.05 to ϩ0.10, indicates a moderate covariance, and Ͼ0.1 indicates a strong covariance. Images shown in Figs. 2, 8 , and 10 were enhanced using the smart sharpen mask filter, high pass, and brightness-contrast adjustment functions in Adobe Photoshop. Images were processed with Nikon Elements version 3.0, and all figures were constructed in Adobe Illustrator 9 (Adobe Systems).
Transfection/Infection of Hippocampal Neurons-Adherent hippocampal cultures were transfected with cDNAs using Lipofectamine 2000 (Invitrogen) as per the manufacturer's instructions or infected with lentivirus expressing CRMP-2 or scrambled short hairpin RNAs (shRNAs). We routinely achieve about 10 -15% transfection efficiencies in hippocampal neurons transfected with this method. With lentiviral infections, we have observed up to 95% infection in Յ7 days. Typically, cultured neurons were transfected with equal amounts of different cDNA constructs at 12 days in vitro (DIV), and electrophysiology experiments were performed at 14 DIV.
Cell Surface Biotinylation-Biotinylation was performed as described (27) . Hippocampal neurons grown for 10 DIV were transfected with EGFP or CRMP-2-EGFP for 2 days and then processed for biotinylation experiments. Live cells were incubated with sulfosuccinimidyl 2-(biotinamido) ethyl-1,3Јdithio-propionate (1 mg/mg protein; Pierce) for 30 min at 4°C in cold PBS, pH 8.0. Excess biotin was quenched with PBS containing 100 mM glycine and washed three times with ice-cold PBS, and the pellet was resuspended in RIPA lysis buffer. The resuspended pellet was triturated 10 times (25-gauge needle) and centrifuged at 100,000 ϫ g for 20 min. The biotinylated proteins were separated from clear solubilizate by adsorption onto streptavidin-agarose beads (Novagen) for 2-4 h at 4°C. Beads were washed 3-5 times with RIPA buffer, and bound biotinylated proteins were gently eluted off of the beads with RIPA buffer containing 2% Triton X-100 and 650 mM NaCl by endover-end incubation for 1 h at 30°C. The biotinylated fraction was subjected to immunoblotting with CRMP-2 and CaV2.2 antibodies. To ensure that the cells remained intact throughout the surface labeling, biotinylation of ␤-tubulin, a cytosolic protein, was analyzed by immunoblotting (data not shown).
Electrophysiology-Whole-cell Ca 2ϩ currents were recorded as described previously (31) . Whole-cell calcium currents were isolated using the following solutions: external (bath) medium (128 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM BaCl 2 , 10 mM D-glucose, 10 mM HEPES-Na, and 10 mM tetraethylammoniumCl, with an osmolarity of 300 mosmol/liter and pH 7.3) and patch electrode intracellular solution (110 mM CsCl 2 , 10 mM EGTA, 1 mM MgSO 4 , 25 mM HEPES(Cs), 2 mM ATP, and 0.2 mM GTP, with an osmolarity of 305 mosmol/liter and pH 7.4). Tetrodotoxin (1 M; Alomone Laboratories) and nifedipine (1 M; Calbiochem) were added in the bath solution to block Na ϩ and L-type Ca 2ϩ channels. Under these conditions, the primary Ca 2ϩ current component should be of the N-and P/Q-type with some R-type Ca 2ϩ current (32) . Voltage Protocols and Data Analysis-Cells were held at a holding potential of Ϫ80 mV. Immediately after seal rupture, Ϫ80 to ϩ80 mV ramp depolarizations were given until recording current stability was established. Current to voltage relations were assessed using incrementing 10-mV step depolarizing pulses at 1-s intervals. Leak currents were subtracted on-line using a ϪP/5 procedure. Data were acquired using an EPC-10 amplifier (HEKA Electronics) and analyzed using Pulsefit (version 8.5; HEKA) and Origin 7.0 software (Microcal, Northampton, MA).
FM4-64 Imaging-This was completed exactly as described (33) . (34, 35) . The nerve terminals of optically distinguishable axons of neurons expressing EGFP or CRMP-2-EGFP were identified under a confocal microscope (Nikon Livescan SFC inverted microscope) using an oil immersion CFI Plan APO VC ϫ60 objective lens. EGFP-labeled terminals capable of dye uptake were considered to be functional release sites. Fluorescence of EGFP and the FM dye were excited at 448 and 543 nm, respectively. Quantitative measurements of FM4-64 fluorescence intensity at individual synapses were obtained by averaging a 4 ϫ 4 square area of pixel intensities centered on the optical center of a given fluorescent punctum. The individual punctum was selected by hand, and the optical center of mass used to center the measurement box was calculated over a slightly larger area (typically 10 ϫ 10 pixels). Large puncta, typically representative of clusters of smaller synapses, were not analyzed during the selection procedure, as were any puncta that were not clearly discernible during the time course of the experiment. Areas for imaging contained networks of well defined dendrites and no cell bodies. At least 100 boutons from each transfection condition were imaged in each of these experiments. During the time lapse imaging of fluorescence change, consecutive frames were acquired at 2-s intervals. After ϳ20 s of steady-state recording, high K ϩ solution was locally perfused to destain FM4-64 dye. All data were acquired and analyzed with Nikon NIS-Elements version 3.0 software.
Construction of pLL3.7-CRMP-2 and Control shRNA Lentiviral Shuttle
Vectors-Published target sequence against rat CRMP-2 (5Ј-GTAAACTCCTTCCTCGTGT-3Ј (36) and 5Ј-GCCTATTGGCAGCCTTTGA-3Ј) harboring HpaI and XhoI restriction sites were cloned into pLentilox3.7 (pLL3.7; a generous gift of Dr. Michael R. Vasko, Indiana University School of Medicine) to create the pLL3.7-CRMP-2-v1 and pLL3.7-CRMP-2-v2 expression vectors. Scrambled shRNA sequences with approximately the same percentage of GC but no sequence homology were used to create control lentiviral vectors.
Recombinant Lentivirus Production-Self-inactivating LV vectors were packaged as described (37) . Briefly, 293T cells were transfected with a four-plasmid vector system (i.e. the shuttle plasmid (LV-CRMP-2 shRNA-v1-CMV-EGFP, LV-CRMP-2 shRNA-v2-CMV-EGFP, or LV-CMV-EGFP) and the packaging plasmids pMDMg/pRRE, pRSV-Rev, and pCMV-VSV-G, to provide the VSV-G envelope. Two days post-transfection, the virus-containing medium was collected, and debris was removed by centrifugation. Virus was concentrated by ultracentrifugation, and the viral pellet was suspended in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, passed through a 0.45-m filter, and frozen at Ϫ80°C. The viral titer, as determined by analysis of the virusassociated p24 core protein (QuickTiter lentivirus quantification kit (Cell Biolabs, Inc., San Diego, CA)), was above 2 ϫ 10 8 transducing units/ml for all viruses used in this study. Virus particles were produced in the Stark Neurosciences Research Institute Viral Production Core Facility.
Knockdown of Gene Expression by siRNA-Validated siRNAs against the rat CRMP-2 (5Ј-ACTCCTTCCTCGTGTACAT-3Ј) sequence (36) and controls (scrambled sequence with approximately the same percentage of GC but no sequence homology) were used for CRMP-2 knockdown (Invitrogen). Cells were incubated for 2-4 days with CRMP-2-siRNA or scrambled siRNA (50 -1000 nM optimized for each condition), and assessment of knockdown was by quantitative reverse transcription-PCR, Western blot (see supplemental Fig. S6 ), immunocytochemistry, and electrophysiology.
Glutamate Release Assay, HPLC-Glutamate released into the cytosol in CRMP-2-overexpressing or ablated hippocampal neurons was measured by HPLC separation and electrochemical detection of the o-phthaldialdehyde-mercaptoethanol derivative using modifications of the methods of Donzanti and Yamamoto (38) . Using this method, the minimal detectable amount of glutamate is ϳ2.5 pmol. Briefly, following a series of washes in phosphate-buffered saline and a 1-h incubation in normal Tyrode's buffer, 400-l samples were sequentially collected every 10 min from the cytosol: 1) bathed in Tyrode's buffer, 2) bathed in Tyrode's buffer in the absence or presence of drug, 3) bathed in high K ϩ Tyrode's buffer, and 4) rebathed in Tyrode's buffer. These samples were collected on ice, filtered with 0.22-m filters (Millipore), and processed for HPLC analyses. The resulting four values represent basal 1, ϩdrug, stimulated, and basal end for each sample. Samples were processed in triplicate and averaged to yield a single value.
Several measures were used to ensure that comparable numbers of viable cells were present in all wells within a dish. Cells in representative wells were counted immediately before the release experiment, and trypan blue exclusion was used to assess the viability of cells before and after the release experiment. In addition, the average basal releases of neurotransmitter from each treatment group (in the absence of drug) in an experiment were within 20% of each other. The cells exhibited robust KCl-stimulated neurotransmitter release at least 3-fold over the basal levels. Post-treatment basal release (in the absence of drug) was measured in some glutamate assays and was not more than 50% higher than initial basal levels, indicating that the release assay did not damage the cells or induce cell lysis (data not shown). These observations, when taken together, indicate that similar numbers of viable cells were present in all wells within an experiment.
Statistical Analyses-Differences between means were compared by either paired or unpaired two-tailed Student's t tests or an analysis of variance when comparing multiple groups (repeated measures whenever possible). With the analysis of variance, if a significant difference is determined, then Tukey's post hoc test was performed. Data are expressed as mean Ϯ S.E., with p Ͻ 0.05 considered as the level of significance. Imaging (ICA/ICQ) values were tested either for two means between conditions (P) or for one mean for a difference from 0 (P ϭ0 ). Each hippocampal ICQ value reflects the mean of two determinations from image planes at least 400 nm apart (two z axis increments). The normal approximation to the sign test was used for statistical tests of ICQ values for single experiments.
RESULTS

Identification of CRMPs as a Novel Ca
2ϩ Channel TargetTo identify Ca 2ϩ channel binding proteins that might contribute to cytoskeletal interactions in nascent synapses, we performed tandem mass spectrometric analysis of growth cone particles. The purity of the biochemically fractionated growth cone particle fraction was evaluated using immunoblot analysis for proteins reported to be prevalent at the growth cone, such as GAP-43 (growth cone-associated protein 43) and those absent, such as GFAP (glial fibrillary acidic protein); both CaV2.2 and CRMP-2 were present in synaptosomes as well as in growth cone particle fractions (supplemental Fig. S1 ) of PN1 and PN8 neonatal rats. Liquid chromatography-tandem mass spectrometry analyses identified 148 and 464 proteins in the PN1 and PN8 growth cone particle fractions, respectively. The 612 identified proteins were classified within a number of broad functional classes (supplemental Fig. S1 ). Prominent among these were growth cone guidance and migration proteins, including CRMPs. CRMPs were also found in a screen for binding partners of the presynaptic Ca 2ϩ channel from purified synaptosomes (8) .
A CRMP-2-CaV2.2 Complex-To test for a biochemical complex between CaV2.2 and CRMPs, we prepared synaptosomes (P2Ј) from neonatal PN1 rat brains and determined that all five CRMP proteins were present in synaptosomes; CRMP-2 protein was relatively more abundant compared with its homogenate levels than the other CRMPs (Fig. 1A) . Synaptic proteins Munc18 and GluR2 (glutamate receptor 2 subunit) were used as loading controls as well as for assessment of the fractions (39) . Next, sucrose density gradient fractionation of PN1 rat brains revealed co-sedimentation of CRMP-2 and CaV2.2 in both cholesterol-rich/cytosolic (Fig. 1, B (lanes 5-8) and C) and membrane fractions (Fig. 1, B (lanes 9 -12) and C), consistent with cytosolic and membrane distribution of both proteins. Finally, to confirm that CRMP-2 had a bona fide interaction with CaV2.2, we performed standard co-immunoprecipitations and immunoblotting. Precipitation of CaV2.2 with a polyclonal CaV2.2 antibody (Calbiochem; n ϭ 11) or a polyclonal CRMP-2 antibody (Cell Signaling; n ϭ 8) from PN1 rat brain synaptosomes reliably precipitated the associated protein (Fig. 1D) . No proteins were observed in control immunoprecipitations using rabbit isotype-specific IgG antibodies (Fig.  1D ). The interaction of CaV2.2 and CRMP-2 was also observed in hippocampal neurons cultured for 14 DIV (see Fig. 2D ) and with chick and mouse brain synaptosomes (data not shown). Thus, biochemical evidence clearly shows that CRMP-2 and CaV2.2 co-exist in a complex. Immunocytochemistry on PN1 rat hippocampal neurons revealed the presence of CRMP-2 in soma, dendrites, neurite shafts, and punctate structures defined to be in presynaptic boutons by co-labeling with the synaptic vesicle marker protein synaptophysin (supplemental Fig. S2, A and B) . Co-staining with growth cone-enriched protein F-actin showed strong colocalization within growth cones (supplemental Fig. S2C ). We observed an overlap in the staining patterns for CRMP-2 and CaV2.2 in the soma as well as in presynaptic varicosities (Fig. 2) . ICA was used to quantitatively assess the colocalization (23) (24) (25) 40) . This method tests if staining for two proteins covaries, as they should if the two proteins are part of the same complex. This test generates an ICQ, which ranges from Ϫ0.5 to ϩ0.5 and can be used for statistical comparison. ICA plots of CaV2.2 and CRMP-2 staining of the soma cell surface, in the axons, and in boutons/dendritic spines (see examples in Fig. 2 , B and C) exhibited varying degrees of positive skews, suggesting strong to moderate levels of covariance. The mean ICQ values were 0.078 Ϯ 0.017 (axons, n ϭ 12, P ϭ0 Ͻ 0.001), 0.038 Ϯ 0.052 (surface of soma, n ϭ 7, P ϭ0 Ͻ 0.001), and 0.245 Ϯ 0.073 (boutons/dendritic spines, n ϭ 9, P ϭ0 Ͻ 0.001). We have previously shown that staining for a membrane protein, the Na ϩ /K ϩ ATPase, does not co-vary with that for CaV2.2 (40) . Thus, these results indicate that CaV2.2 and CRMP-2 exist in a complex.
Binding Requirements between CRMP-2 and N-type Ca 2ϩ
Channels-To examine the possibility that CRMP-2 and CaV2.2 proteins may bind directly to each other, in vitro pulldown assays were performed to assess binding between the two proteins. First, we purified bacterially expressed GST fusion proteins of full-length CRMP-2 or fragments and incubated them with PN1 rat synaptosomes. To ensure that the synaptosomes contained a sufficient amount of CaV2.2, the channels were partially purified with wheat germ agglutinin as described by Catterall and co-workers (41), followed by enrichment with heparin-agarose. The in vitro complexes were recovered by incubation with glutathione-Sepharose beads, washed extensively, and immunoblotted with a CaV2.2 antibody. CaV2.2 bound to full-length CRMP-2 (Fig. 3, A and B) . Within CRMP-2, three regions of interactions were determined: a region in the CRMP-2 N terminus (residues 94 -166), a region in the middle of the protein (residues 212-297), and a region near the C terminus of the CRMP-2 protein (residues 479 -500), proximal to the microtubule binding domain (Fig. 3B ). These regions, designated CaV binding domains 1-3 (CBD1 to -3) are identified in the crystal structure of CRMP-2 tetramer (Protein Data Bank code 2GSE; Fig. 3C ) (42); for clarity, the CBDs are identified only on monomer 1. Interestingly, the CBD3 interaction lies within the oligomerization domain of the tetrameric CRMP-2 protein (Fig. 3C) . A large portion of CBD2 appears to be buried within the CRMP-2 tetrameric structure and may interfere with binding of the other CBDs by an as yet unclear mechanism. 3 This is consistent with the demonstration that large segments of the CRMP protein are involved in oligomerization (29) .
To determine the site of the CRMP-2 interaction with CaV2.2, we constructed fusion constructs encoding the intracellular cytoplasmic loops of CaV2.2 in a dual tag pGEX-Glu bacterial expression vector harboring GST and Glu (amino acids EYMPME) tags. Synaptosomes or CRMP-2 protein purified from rat brains using a three-step affinity chromatography method (29) were used for the binding assay. Synaptosomes were incubated with equimolar amounts of glutathione beads saturated with GST-CaV2.2-Glu fusion proteins or GST protein alone for 2 h at 4°C with gentle agitation. After washing, the in vitro complexes were eluted from the beads, resolved by SDS-PAGE, and immunoblotted for CRMP-2 protein. As shown in Fig. 4 , A and C, CRMP-2 bound two regions on 3 J. M. Brittain and R. Khanna, unpublished data. channel enriched fractions from rat brain synaptosomes. Bound proteins were analyzed by Western blotting with an antibody for CaV2.2. Coomassiestained SDS-polyacrylamide gel of GST-and Glu-tagged purified CRMP-2 constructs. B, summary of binding of CaV2.2 onto CRMP-2. Three CBDs on CRMP-2 were observed: a region in the CRMP-2 N terminus (residues 94 -166, designated CBD1; yellow), a region (residues 212-297, CBD2; orange), and one near the C terminus of the CRMP-2 protein (residues 479 -500, CBD3; red). The second region, CBD2, if deleted, may destabilize CBD3 binding and/or impact CRMP-2 tetramerization. These regions (CBD1, CBD2, and CDB3) are identified in the crystal structure of the CRMP-2 tetramer (Protein Data Bank code 2GSE). The crystal structure of CRMP-2 is truncated at residue 490. C, for clarity, the binding sites are identified only on monomer 1. Surface (left) and ribbon (right) views of the CRMP-2 tetrameric structure were rendered using PyMol (version 1.1).
CaV2.2: loop 1 (L1) and the distal part of the C terminus (Ctdis). Next, we measured the strength of the binding of the CaV2.2 L1 and Ct-dis regions using an in vitro binding assay. A fixed amount of CRMP-2 protein was incubated overnight at 4°C with increasing amounts of protein A beads saturated with L1 or Ct-dis fusion proteins. The bound complexes were washed, resolved by SDS-PAGE, and subjected to immunoblotting with CRMP-2 antibody as above (Fig. 4, D and E) . The intensities of the CRMP-2 band were quantified, normalized to the maximum intensity within an experiment (n ϭ 3), and plotted against the concentration of the fusion protein. The CaV2.2-CRMP-2 binding affinity (K d ) values were as follows: L1 ϭ 24.1 Ϯ 7.1 M (n ϭ 3); Ct-dis ϭ 0.31 Ϯ 0.09 M (n ϭ 3) (Fig. 4F) . As a control, the K d of interaction between the presynaptic protein Munc 18 (27) and loop 2 (L2) of CaV2.2 was found to be ϳ32 Ϯ 8.5 nM (n ϭ 3; data not shown), consistent with the value of ϳ13.8 Ϯ 4 nM we reported previously (27) . Thus, CRMP-2 binds directly to CaV2.2 via a moderate affinity (Ct-dis) and a low affinity (L1) binding site.
Activity influx via N-type Ca 2ϩ channels, because incubation of synaptosomes with -CTX for 15 min prior to depolarization decreased the association (Fig. 5B, compare lane 2 or 3 with  lane 1) . Incubation of the synaptosomes with the P/Q-type blocker -agatoxin also partially affected the CRMP-2-CaV2.2 interaction (Fig. 5B) . Incubation with increasing amounts of the membrane-permeable Ca 2ϩ chelator BAPTA-AM (44) caused a dose-dependent decrease in CRMP-2-CaV2.2 association (Fig. 5B, lanes 6 -8) . The interaction exhibited maximal binding at around 100 M added Ca 2ϩ and declined at higher concentrations (Fig.5C) .Collectively,theseresultssuggestanactivitydependent regulation of the interaction between CRMP-2 and CaV2.2.
Overexpression of CRMP-2 Increases Ca 2ϩ Current DensityUsing whole-cell voltage clamp electrophysiology, we tested if CRMP-2 expression had any effects on Ca 2ϩ current properties in primary hippocampal neurons. Whole-cell Ca 2ϩ currents were recorded from EGFP-and CRMP-2-EGFP-overexpressing cells. Whole-cell Ca 2ϩ currents were elicited from a holding potential of Ϫ80 mV to depolarizing test potentials (ranging from Ϫ80 to ϩ70 mV) for 200 ms using Ba 2ϩ as the charge carrier. Fig. 6A shows representative voltage-dependent inward currents (I Ba ) from an EGFP-and a CRMP-2-EGFP-expressing neuron. Nifedipine (1 M) was included in the bath solution to block L-type Ca 2ϩ channels. Forty-eight h after transfection, the Ca 2ϩ current density was significantly higher in CRMP-2- (Fig. 6 ). On average, the Ca 2ϩ current density was increased by about 60%, from 12.8 Ϯ 2.2 (n ϭ 17) in EGFP neurons to 20.4 Ϯ 2.5 (n ϭ 24) pA pF Ϫ1 (V t ϭ 0 mV, p Ͻ 0.001, one-way analysis of variance) in CRMP-2-EGFP neurons, consistent with the values of 14.6 Ϯ 1.0 pA pF Ϫ1 reported previously for control hippocampal neurons (45) . Expression of CRMP-2-EGFP did not alter the size of the transfected neurons, because the cell capacitance was identical in CRMP-2-EGFP-transfected (21.8 Ϯ 1.8 pF, n ϭ 24) and EGFP-transfected (20.2 Ϯ 1.7 pF, n ϭ 17, p Ͼ 0.56) neurons. This result rules out changes in cell size as a potential contributing factor for the increased Ca 2ϩ current density.
EGFP-transfected neurons than in EGFP neurons
To further confirm that CRMP-2 manipulation affected Ca 2ϩ current density, we next asked if knockdown of CRMP-2 using lentiviral CRMP-2 shRNA would decrease Ca 2ϩ current density. We confirmed efficient and specific knockdown of CRMP-2 using these knockdown strategies (supplemental Fig.  S3 ). Interestingly, we observed that whole-cell recordings of 12 DIV hippocampal neurons infected with CRMP-2 shRNA lentivirus for 7 days in culture reduced Ca 2ϩ currents to 2.9 Ϯ 0.4 pA/pF (n ϭ 9), an ϳ80% reduction compared with CRMP-2-EGFP-overexpressing neurons (Fig. 6C) . A scramble shRNA lentivirus did not affect Ca 2ϩ currents; currents were 11.7 Ϯ 1.5 pA/pF (n ϭ 8; Fig. 6C ). The specificity of the knockdown was further confirmed by measuring peak inward Na ϩ currents, which were not changed between the two groups: 126.04 Ϯ 15.2 (n ϭ 6; scramble shRNA lentivirus) and 112.25 Ϯ 8.8 (n ϭ 11; CRMP-2 shRNA lentivirus) pA pF Ϫ1 (V t ϭ 0 mV, p Ͼ 0.5, Student's t test; supplemental Fig. S4 ). Collectively, these results confirm that CRMP-2 has a specific effect on Ca 2ϩ current density.
Current density can be affected by a change in channel gating (i.e. open probability) or changes in the number of CaV2.2 at the cell surface. To explore the first possibility, voltage-dependent properties of activation and inactivation of Ca 2ϩ currents were examined in transfected neurons. There were no differences in A, equal amounts of freshly prepared, unsolubilized synaptosomes were depolarized with high 90 mM KCl for 5 or 10 min and then lysed in RIPA buffer and immunoprecipitated (IP) with CRMP-2 or CaV2.2 antibodies and immunoblotted with CaV2.2. B, to assess the importance of Ca 2ϩ in the activity-dependent enhancement of the interactions, synaptosomes were depolarized for 5 or 10 min in the absence (control) or presence of the followings drugs, which were added 15 min before the addition of the KCl-depolarizing stimulus: -CTX, -agatoxin (-Aga), and the Ca 2ϩ chelator BAPTA-AM. Following lysis, the synaptosomes were immunoprecipitated with CRMP-2 antibody and immunoblotted with CaV2.2. Fraction left, density of the CaV2.2 protein relative to control. C, to assess the importance of Ca 2ϩ influx in the CRMP-2-CaV2.2 interaction, synaptosomes were incubated with increasing amounts of Ca 2ϩ and immunoprecipitated with CRMP-2 antibody, followed by immunoblotting with CaV2.2. Maximal binding was observed at ϳ100 M added Ca 2ϩ . Representative blots from 2-4 experiments are shown. the half-maximal activation (V1 ⁄ 2 ) and slope factors (k) of steadystate activation or inactivation between EGFP-and CRMP-2-EGFP-overexpressing neurons (supplemental Fig. S5 ). Inactivation time constants were also similar between the two groups (data not shown). Thus, changes in the Ca 2ϩ channel gating properties are unlikely to account for the observed increase in Ca 2ϩ current density. To test if there is a change in cell surface CaV2.2 following manipulation of CRMP-2 levels, biotinylation experiments were performed as previously described (27, 46) . Immunoblotting with CaV2.2 for streptavidin-enriched complexes from biotinylated hippocampal neurons showed increased cell surface expression of CaV2.2 in CRMP-2-EGFP-expressing neurons compared with EGFP neurons (Fig. 7A, i, biotinylated (B) fractions). The surface levels of an unrelated membrane protein, the voltage-gated Na ϩ channel, were not affected by CRMP-2 overexpression (Fig. 7A , ii, compare lane 3 with lane 5). As a control for the biotinylation assay, no surface proteins were detected in samples in which the biotinylation reagent was omitted prior to the streptavidin precipitation (Fig. 7A, i and ii,  lane 1) . Thus, these results suggest that the increased Ca 2ϩ current density in CRMP-2-overexpressing neurons probably occurs via increased cell surface trafficking of CaV2.2.
Western blotting of lysates from EGFP-and CRMP-2-EGFPtransfected cells revealed that CRMP-2 overexpression did not cause a change in the total levels of CaV2.2 and other ion channels (CaV1.3, voltage-gated Na ϩ channel) as well as other proteins, including SNARE proteins (syntaxin, RIM), SV2 (synaptic vesicle protein 2), scaffold protein (PSD-95), kinase (CaMKII␣), and cytoskeletal proteins (MAP2, ␤-tubulin) (Fig. 7B and supplemental Fig. S7 ). As expected, CRMP-2 protein levels were increased (ϳ3-fold) upon overexpression (Fig. 7B, iii) . Quantitative reverse transcription-PCR data corroborated these findings, ruling out a transcriptional effect of CRMP-2 overexpression on CaV2.2 mRNA (see supplemental Fig. S7) .
CRMP-2 Facilitates Increased Synaptic Vesicle RecyclingBecause Ca 2ϩ influx via CaV2.2 is the trigger for transmitter release in hippocampal synapses (1, (47) (48) (49) and CRMP-2 increases Ca 2ϩ current density, we next investigated if the increased Ca 2ϩ could contribute to changes in synaptic vesicle release and recycling. Synaptic vesicle fusion was measured by the unloading of the styryl dye FM4-64, using live cell confocal microscopy (33) . Styryl dyes (FM dyes) are used as endocytic markers that enable detection of presynaptic vesicle recycling and release (50, 51) . As shown in Fig. 8A , we first confirmed that CRMP-2-EGFP is present in the synapses of cultured hippocampal neurons by co-labeling with the synaptic vesicle marker protein synaptophysin. FM dye imaging was then performed on hippocampal neurons at 14 DIV, 48 h after transfection of CRMP-2-EGFP or EGFP. Functional presynaptic terminals were loaded with FM4-64 (15 M) under stimulation with 90 mM KCl, followed by unloading in a Ca 2ϩ -free solution (Fig.  8B ). This paradigm is believed to recruit the entire pool of actively recycling vesicles (52) . Synaptic boutons of green fluorescent neurons that had taken up the FM dye were identified, and numerical fluorescence values were determined from defined regions of interest within boutons using imaging software (Image J) and graphed as the average amount of dye uptake or plotted as a change in fluorescence values (⌬F) as compared with base line. CRMP-2-EGFP neurons had slightly higher initial FM4-64 dye uptake than EGFP neurons (Fig. 8, C and D; p Ͻ 0.01; EGFP, 107.5 Ϯ 8.95 arbitrary units, n ϭ 5 (300 boutons); CRMP-2-EGFP, 138.8 Ϯ 9.5 arbitrary units, n ϭ 5 (365 boutons). The decrease in FM4-64 fluorescence intensity of the synaptic boutons over time in response to the second 1-min stimulation represents loss of dye from the fusion of vesicles that have previously taken up the dye. Representative examples of FM4-64 boutons stained and destained are shown in Fig. 8E , ii-v. The destaining kinetic curves of FM4-64 taken up by the presynaptic terminals expressing EGFP or CRMP-2-EGFP in the presence of 90 mM KCl are shown in Fig. 8F . Functional boutons from CRMP-2-EGFP-expressing neurons destained more than EGFP boutons. The extent of destaining (at t ϭ 3 min) was ϳ21% less in EGFP boutons (0.52 Ϯ 0.02; n ϭ 100) compared with CRMP-2-EGFP boutons (0.43 Ϯ 0.02; n ϭ 100; Fig. 8F ). As a control, the styryl dye did not bleach under repetitive laser scanning without high stimulation (Fig. 8F) . Knockdown of CRMP-2 changed the extent of destaining by ϳ44% from 0.61 Ϯ 0.03 in CRMP-2 siRNA boutons (n ϭ 69) to 0.43 Ϯ 0.02 in CRMP-2-EGFP-overexpressing boutons (n ϭ 100). The extent of destaining in boutons from neurons treated with scrambled siRNA (0.46 Ϯ 0.03, n ϭ 79) was similar to control EGFP levels (0.43 Ϯ 0.02, n ϭ 100). These results sug-FIGURE 7. CRMP-2 enhances surface CaV2.2 levels. A, cell surface expression of CaV2.2 and CRMP-2 was monitored using a biotinylation assay. Hippocampal neurons expressing EGFP or CRMP-2-EGFP were biotinylated, the cell-surface proteins were harvested from the cell lysates, and the precipitates were analyzed by immunoblotting with CaV2.2 (i), Na ϩ channel (ii), and CRMP-2 (iii) antibodies. Equal amounts of samples were used for the precipitation of biotinylated proteins. Of these samples, the entire biotinylated fraction (B) and 10% of the non-biotinylated (U) fraction were loaded. CRMP-2-EGFP overexpression increased the amount of CaV2.2 at the cell surface compared with EGFP-transfected cells. In the example shown, the cell surface CaV2.2 was increased by 2-fold. No change was observed in surface levels of the Na ϩ channel. Omission of the biotinylation reagent did not yield any surface CaV2.2 or NaV proteins. Representative blots from three experiments are shown. B, equal amounts of total proteins from EGFP-and CRMP-2-EGFPtransfected hippocampal neurons were immunoblotted with various antibodies as indicated. Except for the CRMP-2 protein level, which increased ϳ3-fold, none of the other proteins (CaV2.2, Na ϩ channel, the SNARE protein syntaxin 1A, or the neuronal marker protein ␤-tubulin) were affected by CRMP-2 overexpression. See also supplemental Fig. S7B for additional proteins tested.
gest that loading of the initial pool of synaptic vesicles, as well as vesicle fusion, is influenced by CRMP-2 overexpression. Since CRMP-2 manipulation affects Ca 2ϩ influx, it is likely that the extra Ca 2ϩ could contribute to changes in transmitter release. However, we cannot rule out the possibility that CRMP-2 impacts transmitter release independently of CaV2.2.
CRMP-2 Regulates Transmitter Release-So far, we have shown that CRMP-2 can bind directly to the CaV2.2 channel and can enhance Ca 2ϩ current density in hippocampal neurons, but do these events translate into an increase in transmitter release? To answer this question, we measured glutamate release from hippocampal neurons overexpressing EGFP or CRMP-2-EGFP using HPLC. At 10 DIV, hippocampal neurons were transfected with EGFP or CRMP-2-EGFP, and release experiments were performed 48 h later. Representative chromatographs are shown in Fig. 9 , A and B, with a typical retention time of glutamate at about 3 min. Exposing hippocampal neurons transfected with EGFP to 30 mM KCl stimulated glutamate release by about 3.5-fold from a basal level of 3.8 Ϯ 1.0 M/well/10 min to 13.3 Ϯ 0.9 M/well/10 min. In CRMP-2-EGFP-overexpressing neurons, 30 mM KCl stimulated glutamate release by about 8-fold from a basal level of 3.7 Ϯ 0.9 M/well/10 min to 29.5 Ϯ 1.9 (p Ͻ 0.001 versus EGFP). This shows that CRMP-2 can augment glutamate release by 2.3-fold over control EGFP-transfected cells. Although the CRMP-2-mediated glutamate release is smaller than the 2.7-12-fold increase in glutamate release that is predicted based on a ϳ65% increase in Ca 2ϩ current density, it is important to note that not every neuron overexpresses CRMP-2 due to incomplete transfection efficiency (ϳ10 -15%).
Importantly, the addition of 1 M -CTX GVIA, the N-type-selective CaV2.2 blocker, decreased the magnitude of the potassium-stimulated glutamate release from CRMP-2-EGFP-expressing neurons by ϳ77% (to 8.9 Ϯ 1.9 M/well/10 min) compared with potassium-stimulated glutamate release in the absence of blocker (Fig. 9C, p Ͻ 0.05) . Block of Ca 2ϩ channels did not affect the basal release of glutamate. These results suggest that, in hippocampal neurons at 12 DIV, CaV2.2 supports most, if not all, of the CRMP-2-enhanced, depolarization-associated glutamate release from cultured hippocampal neurons. CRMP-2 Regulates Bouton Size but Not Bouton Number-To address the possibility that changes in levels of CRMP-2 could induce changes in the number and/or size of synaptic boutons, an analysis of bouton density and size was carried out as described (33) . As illustrated in Fig. 10, A and B , live EGFP-and CRMP-2-EGFP-transfected neurons were labeled with FM4-64. A line scan of synapses labeled with FM4-64 revealed a similar density of boutons between the two conditions: 0.15 Ϯ 0.04/m (EGFP; n ϭ 598 boutons from nine neurons) and 0.27 Ϯ 0.07 (CRMP-2-EGFP; n ϭ 615 boutons from nine neurons; p Ͼ 0.05; Fig. 10, C-E) . A double-blind analysis of the bouton size was performed in which only the largest diameter of each bouton was measured. Bouton diameters were distributed unimodally in both EGFP-and CRMP-2-EGFP-expressing neurons (Fig. 10F) . The average diameter of boutons was ϳ3. (34) . D, average FM4-64 dye uptake, in arbitrary units (a.u.), is plotted as mean Ϯ S.E. Synapses in CRMP-2-EGFPexpressing neurons had a ϳ30% higher initial dye uptake than EGFP neurons (p Ͻ 0.05). Consistent with previously published data (34), we observed an ϳ2-fold increase in dye uptake in cells exposed to the proteasome inhibitor Lac. E, representative pseudocolor fluorescence images of synapses loaded with FM4-64 at time 0 (ii and iv) and 3 min after destaining with 90 mM KCl (iii and v). The corresponding green fluorescent protein image of this neuron is also shown (i). Images in iv and v represent three-dimensional intensity projections of FM4-64 at the indicated times. The arrows and boxes illustrate examples of synapses that destain during the course of the experiment. F, the destaining kinetic curves of FM4-64 taken up by presynaptic terminals expressing EGFP (green squares) and CRMP-2-EGFP (red squares) in the presence of 90 mM KCl. Normalized fluorescence intensities are plotted against time (s). Also shown are curves for neurons transfected with CRMP-2 siRNA (blue triangles) or scrambled siRNA controls (black triangles). As a control, fluorescence intensities from regions of background or styryl dye under repetitive laser scanning have been plotted (Bckgrd/Dye, gray triangles). Scale bar, 10 m (all panels). EGFP neurons; p Ͻ 0.05, Student's t test; Fig. 10F, inset) . These results suggest that CRMP-2 expression increases the average diameter of synaptic boutons.
DISCUSSION
The rapidity with which transmitter release is initiated following influx of Ca 2ϩ through a single Ca 2ϩ channel (2) suggests close spatial proximity between presynaptic Ca 2ϩ channels and the release machinery (1). Major progress has been made toward identifying proteins of the release machinery at the transmitter release site and characterizing the effects of these proteins on synaptic transmission (1, 2, 4, 33, 53-60 ). Here we identify CRMP-2 as a novel "neuromodulator" of N-type Ca 2ϩ channels. Our results demonstrate that an interaction between CRMP-2 and N-type Ca 2ϩ channels (Figs. 3 and 4) increases calcium current density via increased cell surface CaV2.2 expression (Fig. 7) , which, together with CRMP-2-mediated increase in SV loading (Fig. 8) and synapse size (Fig. 10) , translates into an increased release of the neurotransmitter glutamate (Fig. 9) . The CRMP-2-Ca 2ϩ channel association may serve to sustain Ca 2ϩ influx through functional regulation of Ca 2ϩ channels and to recruit synaptic vesicles to Ca 2ϩ channels. Thus, our results identify CRMP-2 as a novel "neuromodulator" of Ca 2ϩ channels and of synaptic strength. CRMP-2 overexpression leads to an increase in current density, suggesting a direct functional coupling between the two proteins. Changes in current amplitude could be explained by increased cell surface expression of Ca 2ϩ channels, changes in channel availability, and/or changes in open probability (P o ). Interestingly, cell-surface biotinylation experiments showed a significant increase in surface-expressed CaV2.2 in CRMP-2-EGFP-overexpressing neurons compared with those expressing EGFP (Fig. 7A) . Analyses of the biophysical parameters of the measured currents showed that the gating properties of the channel were not affected by CRMP-2 manipulation, despite the finding that CRMP-2 binds to the same regions of the Ca 2ϩ channel ␣ subunit as the calcium channel ␤ subunit (61) (62) (63) . Although changes in the open probability of CaV2.2 cannot be ruled out, the most straightforward explanation for a change in current density is an increase in cell surface expression of Ca 2ϩ channels; additional studies are needed to determine the precise mechanism(s) involved. Because CaV2.2 Ca 2ϩ channels determine the amount, timing, and location of the Ca 2ϩ influx, evoked transmitter release can be dramatically affected by changes in channel biophysical properties, activation and inactivation. Thus, a CRMP-2-mediated increase in Ca 2ϩ current amplitude has significant implications because modulation of Ca 2ϩ currents is critical for regulation of neurotransmission in the nervous system.
A mixed population of N-and P/Q-type Ca 2ϩ channels can coexist at a single release site and contribute jointly to the local Ca 2ϩ transient that triggers transmitter release (47, 48, 64, 65) . There is a growing body of evidence that suggests that N-and P/Q-type Ca 2ϩ channels undergo a developmental switch (66 -68) , although the mechanism underlying this is not understood. In a recent study on hippocampal neurons cultured for 10 DIV, N-type Ca 2ϩ channels accounted for ϳ50% of the total Ca 2ϩ current, with P/Q-type supporting ϳ25% (69). At 10 -15 DIV, N-type Ca 2ϩ channels accounted for Ͼ80% of synaptic transmission, as assessed by block with -CTX (66). In the CRMP-2-EGFP-overexpressing neurons, ϳ35% of the cadmium-sensitive barium current was -conotoxin (1 M)-sensitive, and ϳ37% was -agatoxin (0.4 M)-sensitive (n ϭ 5; data not shown), at least in the cell soma. Importantly, block of N-type channels inhibits transmitter release by ϳ80% in our experi- The neurons were incubated with HEPES buffer at 37°C for 1 h and then exposed to successive 10-min incubations in the absence or presence of drugs. Likewise, 10-min incubations with the addition of 30 mM KCl to the HEPES buffer were utilized to evoke neurotransmitter release in the presence or absence of drugs. After stimulation, the cells were exposed to HEPES buffer alone again to reestablish basal release. The supernatants were collected following each 10-min interval for glutamate assay by HPLC. C, stimulated glutamate release is increased in CRMP-2-overexpressing neurons versus controls (EGFP; p Ͻ 0.05, Student's t test; n ϭ 9). The addition of 1 M -conotoxin GVIA, the N-type Ca 2ϩ channel blocker, completely attenuates this CRMP-2-mediated increase in glutamate release. Basal release is not affected by toxin block. ments (Fig. 9) , consistent with published data (66) . Taken together, these results would argue against a significant involvement of P/Q-type Ca 2ϩ channels in transmitter release, although they contribute to a similar fraction of the Ca 2ϩ current as N-type Ca 2ϩ channels in the cell soma. Remarkably, knockdown of CRMP-2 reduced Ca 2ϩ current by ϳ80%, suggesting that CRMP-2 modulates non-N-type (i.e. P/Q-type) Ca 2ϩ channels. Furthermore, it appears that N-type Ca 2ϩ channel expression dominates over other Ca 2ϩ channels at active release sites because N-type Ca 2ϩ channels were responsible for a majority of transmitter release but only ϳ30% of the Ca 2ϩ current. This may be due to the selective expression of N-type Ca 2ϩ channels at nascent immature terminals or in a reserve pool of terminals held in an immature state, whereas P/Qtype channels might dominate at fully mature terminals. The finding of a CRMP-2-CaV2.2 complex in adult rat brain synaptosomes 4 despite the low expression of CaV2.2 in adult brain (68) suggests that this interaction may play roles in mature nerve terminals as well. Differential expression, sorting, trafficking and targeting, postsynaptic cues, protein-protein interactions, and other factors may account for this developmental switch in Ca 2ϩ channels. Thus, interactions with and/or functional regulation by CRMP-2 may be required for N-type, but not P/Q-type, Ca 2ϩ channel expression at presynaptic terminals. Consequently, N-type Ca 2ϩ channels may be of central importance to synaptic plasticity simply because of their predominant role in juvenile transmitter release at most systems studied to date (66, 67) .
CRMPs have been implicated in synaptic function, where the CRMP-2-related CRMP-4b variant localizes to synaptic vesicles in growth cones and interacts with the Src homology 3A domain of intersectin, an endocytic-exocytic adaptor protein (17) ; intersectin also has been shown to associate with the N-type Ca 2ϩ channel (24) . Further support for CRMP involvement in the synaptic vesicle endocytosis and exocytosis pathway comes from studies showing that the other Src homology 3 domains of intersectin bind to SNAP-25 (synaptosome-associated protein of 25 kDa) (70) , dynamin, and synaptojanin (71), key endocytic proteins. Both SNAP-25 and dynamin associate with the N-type Ca 2ϩ channel (24) ; however, dynamin is also part of an endocytosis-related clathrin-containing subcomplex (24) . These interactions with the Ca 2ϩ channel and exocytosis-endocytosis proteins position CRMPs ideally for facilitating synaptic vesicle recycling and release. This could account for the increased synaptic vesicle recycling observed in CRMP-2-overexpressing neurons (Fig. 7B) .
Another possibility may be that CRMP-2 affects synaptic vesicle recycling independent of its interaction with CaV2.2. In support of this idea, CRMP-2-mediated increase in synapse size (Fig. 10F) as well as changes in the numbers of vesicles loaded (Fig. 8C ) may contribute to the observed increase in transmitter release (Fig. 9) . Larger synapses have higher release probabilities because they have been shown to contain greater release site areas and more docked vesicles and have a correspondingly larger readily releasable pool of vesicles (72) (73) (74) . Interestingly, although mRNAs of synaptic vesicle genes SV2a and SV2b are up-regulated in CRMP-2-EGFP-expressing neurons, the protein levels of SV2 are not affected (supplemental Fig. S7, A and B) . In addition, because expression levels of synaptic proteins, such as syntaxin and synaptophysin, were unchanged, both CaV2.2-dependent and -independent effects on SV recycling remain possible.
The ability of the Ca 2ϩ chelator BAPTA-AM and N-type blocker -CTX to prevent the increase in the activity-induced CRMP-2-CaV2.2 binding suggests that Ca 2ϩ influx, not CaV2.2 activity, regulates the strength of the interaction in synaptosomes (Fig. 5) . This is further supported by our findings that enhanced Ca 2ϩ levels trigger CRMP-2-CaV2.2 binding (Fig.  5C ), entirely consistent with previous reports of Ca 2ϩ dependence of interactions between N-type Ca 2ϩ channels and presynaptic core complex proteins (56, 75, 76) . It is possible that depolarization-induced Ca 2ϩ influx through voltage-gated Ca 2ϩ channels mobilizes CRMP-2 protein to traffic channels into the presynaptic membrane. This could also explain why depolarization leads to an enhanced recovery of CRMP-2 and CaV2.2 in the immunoprecipitates (Fig. 5A) . A 5-10-min depolarization may position both CRMP-2 and CaV2.2 in a conformation that favors increased association. Examples of such conformation-specific interactions have been reported previously (77) (78) (79) . Finally, if CRMP-2 is a component of the CaV2.2 transmitter release site core complex (25) , then increased CRMP-2 association is likely to facilitate synaptic vesicle recycling. Alternatively, activity-dependent CRMP-2 recruitment to the release site core complex may enable it to interact with other vesicular release proteins.
Several lines of evidence point to a putative link between CRMPs and transmitter release. The CRMP-1 mutant mice showed a reduction in long term potentiation in hippocampal CA1 region and impaired performance in hippocampusdependent spatial learning and memory tests (19) . CRMP-3 knock-out mice were found to have abnormal dendritic arborization, altered spine morphology, and abnormal neuronal orientation, leading to impaired long term potentiation and impaired spatial learning and memory (19, 20) . Abnormalities in the dendritic morphologies may have impeded correct formation of synaptic connections and could be responsible for the long term potentiation deficit observed in the CRMP-3 knockout mice. Second, a cleaved form of CRMP-2 regulated Ca 2ϩ influx by down-regulating the NR2B subunit of the N-methyl-D-aspartate receptor. Third, activation of the neuropilin-1 receptor by the CRMP ligand, semaphorin-3A, in acute hippocampal slices caused synaptic depression (80) ; however, the probability of transmitter release was not affected (80) . Fourth, the recruitment of kinases, such as Cdk5 (cyclin-dependent kinase 5), ROCK (RhoA (Ras homolog family A) kinase), and GSK3␤ (glycogen synthase kinase 3␤) by semaphorin3A (10, 36, 81, 82) could lead to post-translational modifications of CRMP-2, leading to reduced binding between CRMP-2 and the N-type Ca 2ϩ channel, thus accounting for the reduction in synaptic transmission. Collectively, the results from these studies and our findings of increased transmitter release show that CRMPs are important for synaptogenesis and neurotransmission.
CRMP proteins have been implicated in both developmental and adult neurological diseases (10) . A common feature of several of these diseases is alteration of Ca 2ϩ homeostasis, which appears to play a key role in the mechanisms of the neuronal/ axonal injury underlying these diseases. These "calciumopathies" include Alzheimer disease (83) , paraneoplastic neurological syndromes (84) , cerebral ischemia and stroke (85) , neuroinflammation (85) , and Down syndrome (86) . CRMP-2 levels are altered in epilepsy patients and in animal models of epilepsy (87) . CRMP-2 levels were found to correlate with increased depression in an animal model of chronic mild stress (88) . Calcium-dependent CRMP-2 proteolysis has been observed in traumatic brain injury and cerebral ischemia (89) and may be a limiting factor for postinjury axonal regeneration. Excitotoxicity and oxidative stress induce Ca 2ϩ influx via voltage-gated Ca 2ϩ channels (90) , which elicits CRMP cleavage, thus providing an additional functional link between CRMPs and Ca 2ϩ channels. As described by Catterall and Few (1), the presynaptic Ca 
